The cyanobacterial communities associated with stromatolites surviving in extreme habitats are a potentially rich source of bioactive secondary metabolites. We screened for the potential for production of bioactive metabolites in diverse species of cyanobacteria isolated from stromatolites in Hamelin Pool, Shark Bay, Australia. Using degenerate primer sets, putative peptide synthetase and polyketide synthase genes were detected from strains of Symploca, Leptolyngybya, Microcoleus, Pleuorocapsa, and Plectonema sp. Sequence analysis indicates the enzymes encoded by these genes may be responsible for the production of different secondary metabolites, such as hepatotoxins and antibiotics. Computer modelling was also conducted to predict the putative amino acid recognised by the unknown adenylation domain in the NRPS sequences. Mass spectral analysis also allowed the putative identification of the cyclic peptides cyanopeptolin S and 21-bromo-oscillatoxin A in two of the isolates. This is the first time evidence of secondary metabolite production has been shown in stromatolite-associated microorganisms.
Introduction
Cyanobacteria produce numerous secondary metabolites, including peptides and depsipeptides, and certain cyanobacterial genera are especially rich sources of bioactive compounds. Among these are the tropical marine cyanobacteria such as various species of Lyngbya or Symploca [1] , and bloom-forming freshwater cyanobacteria associated with toxic-blooms, such as Microcystis and Anabaena [2] . In addition to toxins, cyanobacteria produce compounds of potential pharmaceutical interest. A number of active molecules with antibacterial, antiviral, fungicide, immunosuppressive, enzyme inhibiting, and cytotoxic activity have been isolated from cyanobacterial biomass. For example, Nostoc GSV 224 synthesizes potent inhibitors of microtubule assembly, which show anticancer activity against a broad spectrum of tumors [3, 4] , and a variety of other antimitotic and cytotoxic metabolites are produced by Lyngbya majuscula and Symploca sp. such as the dolastatins and symplostatin [5] [6] [7] . The cyanobacteria produce large numbers of bioactive compounds belonging to several classes, however most exhibit a peptide and/or polyketide structure. Cyclic or branched-cyclic structures and a composition of unusual and modified amino acids in small peptides indicate a non-ribosomal biosynthesis for many cyanobacterial bioactive compounds. Alternatively, these non-ribosomal peptide synthesis enzymes may occur in hybrid enzyme complexes. The mechanism of non-ribosomal biosynthesis of peptides by a family of enzymes known as non-ribosomal peptide synthetases (NRPS) has been elucidated by studying the formation of drugs such as penicillin, vancomycin, and cyclosporin [8] . NRPS have a modular structure, with each module being responsible for the activation, thiolation, modification, and condensation of one specific amino acid substrate [9] . Several cyanobacterial bioactive compounds also possess polyketide or fatty acid side chains. Although there are enormous differences between nonribosomal peptides and polyketides with respect to structure and biosynthesis, there are also striking similarities between these two families of metabolites [10] . Like NRPS, modular polyketide synthases (PKS) are multifunctional megasynthases organized into repeated functional units. Each PKS unit in the modular-type PKS catalyzes all discrete steps of enzyme reactions for the polyketide chain elongation.
In the last few years, enormous progress has been made in the discovery and sequencing of NRPS and PKS genes from a wide range of organisms and environments, enhancing our understanding of combinatorial biosynthesis of non-ribosomal peptide products [11, 12] .In particular, the search for functional biomolecules has extended to so-called ÔextremeÕ environments.In a recent study, we characterised the microbial diversity of stromatolites in the hypersaline marine setting of Shark Bay in Western Australia [13] , identifying a number of cyanobacteria that may be novel to this niche. Stromatolites are biosedimentary structures formed primarily by the activity of cyanobacteria, and may represent the oldest examples of life on earth [14] . In addition to their evolutionary significance, our search for new groups of microorganisms in this environment is also driven by the philosophy that unique biochemical pathways could be uncovered, leading to the discovery and production of novel secondary metabolites. In the present study we have conducted genetic screening of cyanobacterial strains isolated from these stromatolites, with the aim of identifying those strains with the highest potential for the production of secondary metabolites with bioactive effects.
Materials and methods

Cyanobacteria strains and culturing
Cyanobacteria strains HPC-3, HPC-40, HPC-77, HPC-9, HPC-10, HPC-31, HPC-14, HPC-17, HPC-55, HPC-7 used in this study were isolated from intertidal stromatolites located in Hamelin Pool, Shark Bay, in Western Australia [13] . The identity of these strains as revealed by 16S rRNA gene sequencing is shown in Table 1 . All strains were maintained in sterile BG-11 media until they were pure as described previously [13] , with the addition of salts to mimic the elevated salinity seen in Shark Bay. All cultures were incubated at room temperature and a constant light intensity, and continuously monitored for purity by light microscopy.
DNA extraction and PCR amplification
Genomic DNA was extracted from exponential phase cultures, after 2 weeks growth, using methods established in our laboratory for DNA recovery from stromatolite isolates [13, 15] . Nucleic acids were extracted by SDS/proteinase K incubation and purified by phenol:chloroform extraction and subsequent ethanol precipitation. PCR controls were performed on all samples using universal and cyanobacterial 16S rDNA primers as described previously [13] .
Amplification of putative polyketide synthase regions from stromatolite-associated cyanobacterial strains was performed using degenerate oligonucleotide primers DKF (GTGCCGGTNCCRTGNGYYTC) and DKR (GCGATGGAYCCNCARCARMG) [16] . Amplification of putative peptide synthetase regions was achieved using primers MTF2 (GCNGG(C/T)GG(C/T)GCNT-A(C/T)GTNCCAGGAYVP) and MTR2 (CCNCG-(AGT)AT(TC)TTNAC(T/C)TGQVKIRG) designed from conserved functional motifs of these modular enzyme complexes [17] . PCR reactions were performed in a 20-ll reaction volume and thermal cycling conducted using a GeneAmp Ò PCR System 2400 (Perkin-Elmer). The reaction mix consisted of reaction buffer (67 mM Tris-HCl, 16 mM (NH 4 )SO 4 , 0.45% Triton X-100, 0.2% gelatin), 2.5 mM MgCl 2 , 200 M deoxyribonucleotide triphosphates, $1 ng chromosomal DNA template, 1 pmol primers, and 0.5 U Taq DNA polymerase (Fischer Biotech). The initial denaturation step at 95°C for 2 min was followed by 25 cycles of DNA Plectonema sp. [13] denaturation at 95°C for 20 s, primer annealing for 30 s at 50 and 60°C for MTF2/MTR2 and DKF/DKR, respectively. DNA strand extension was at 72°C for 50 s, and a final extension step at 72°C for 7 min.
Cloning of amplified genes and restriction fragment length polymorphism analysis
Where sequencing results indicated the existence of more than one PKS/NRPS gene cluster in an isolate, cloning of PKS/NRPS PCR products was performed. Clone libraries were prepared from PCR products by using a pGEM-T Kit (Promega). Gel-purified putative NRPS and PKS PCR products were ligated into the pGEM-T vector and transformed into Escherichia coli TOP10FÕ. Ten clones from each of the different clone libraries were randomly selected and direct colony PCR was carried out to confirm the presence of cloned DNA of the correct size. Specific primers and conditions were as above. Preliminary screening was carried out by Restriction Fragment Length Polymorphism (RFLP) analysis, where PCR products were digested overnight at 37°C with the restriction enzyme AluI (5 0 -AG/ NCT-3 0 ). Digests were performed in 10 ll reactions constituting 0.1-1 lg DNA, 1 ll corresponding enzyme buffer, and 1-2 U of restriction enzyme (New England BioLabs). The clones were grouped based on their banding patterns before sequencing.
Sequencing and phylogenetic analysis of NRPS and PKS PCR products
Automated sequencing was carried out using the PRISMä sans cycle sequencing system and the ABI3173 sequencer (Applied Biosystems) as described previously [15] . BLAST searches (http://www.ncbi.nlm.-nih.gov/BLAST) were used to identify similar sequences from GenBank (http://www.ncbi.nlm.nih.gov/Genbank). Phylogenetic analysis was carried out using 900-1000 homologous bases for clones. DNA sequences were aligned by using the programs Pileup and GCG and the multiple sequence alignment tool from Clustal W. The aligned sequences were studied by using genetic distance methods for phylogenetic inference. Ambiguous characteristics (where a deletion, insertion, or unidentified state was recorded for any strain) were removed from the alignment data. For the phylogenetic analyses, the order in which the sequences were added was random to avoid potential bias introduced by the order of sequence addition. Genetic distances (D) were calculated by using the formula of Jukes and Cantor, where D = À3/4 ln(1-4/3d) and d is the level of sequence dissimilarity [18] . Bootstrap analysis was used to provide confidence estimates for tree topologies. The phylogenetic inference protocols DNADIST and SEQBOOT were supplied by the PHYLIP package (version 3.57c). Sequences reported here are available under GenBank Accession Nos. AY604655-AY604668, and AY604669-AY604688.
Prediction of amino acid recognition by NRPS adenylation domains
The substrate specificity of adenylation domains (Adomain) in the putative NRPS sequences identified here was predicted according to the model of Challis et al [19] . Crucial binding residues have been identified in all known NRPS A-domains that align with 8 binding pocket residues in the gramicidin synthetase A-domain [19] , and these 8 residues were extracted from the NRPS sequences identified here using multiple alignment software (ClustalW). A BLAST search (http://raynam.chm. jhu.edu/~nrps/index2.html) was then conducted to predict the putative amino acid recognised by the unknown A-domain in our sequences.
Extraction and preparation of isolates for MALDI-TOF analysis
One hundred millilitres of isolates HPC-3 and HPC-31 were centrifuged for 15 min at 10,000g to pellet cells. Samples were resuspended in 70% methanol, sonicated for 60 min, and centrifuged for 60 min at 48,000g. The supernatant was collected and the procedure repeated twice. Extracts were then purified through solid phase extraction phase chromatography (Chromabond C18, Dueren, Germany). Methanol was evaporated and the extract dissolved in a defined volume of 20% methanol. A 1 ll aliquot of sample was mixed with 4 ll of matrix which consisted of: 10 mg acyano-4-hydroxycinnamic acid (HCCA) dissolved in 1 ml 80% v/v acetonitrile and 0.08% v/v TFA. This mixture was spotted onto a clean, stainless steel target and allowed to air dry. The target was loaded into the Voyager System 4038 mass spectrometer (PE Biosystems). The instrument was run in linear mode with the following parameters: delayed extraction, positive polarity, manual acquisition, 20000V accelerating voltage, 94.2% grid voltage, 0.2% guide wire, 150 ns extraction time, acquisition mass range 0-1500 Da and 200 shots of the laser per spectrum. Before each run the instrument was externally calibrated with a standard calibration mix 1 (Applied Biosystems). Microcystis aeruginosa PCC 7806 and Synechocystis PCC 6803 were analysed as positive and negative controls, respectively. Mass-to-charge ratios (m/z) were determined and spectra analysed against the Cyano Biotech GmBH database (http://www.cyanobiotech.com/index.html) containing over 800 known cyanobacterial natural products.
Results
Identification of putative peptide synthetase and polyketide synthase homologues in stromatoliteassociated cyanobacteria
Amplification using the DKF/DKR and MTF2/ MTR2 primers was able to detect putative polyketide synthase and peptide synthetase regions in 9/10 and 10/10 cyanobacterial strains tested, respectively. As PCR controls, the amplification of a cyanobacterial 16S rRNA gene fragment was demonstrated for all isolates. In addition, to test for culture purity, a further PCR control was performed using universal 16S rDNA bacterial primers. For all isolates, after sequencing only a single PCR product was evident, corresponding to the cyanobacterial 16S rDNA sequences identifying the genus of each isolate (Table 1 ). This showed the cultures were free of contaminating heterotrophic bacteria and indicated the amplified NRPS and PKS sequences originated from the isolated cyanobacteria. None of the putative PKS or NRPS PCR products could be directly sequenced, as there was a mixture of PCR amplicons, so these were first cloned into a pGEM-T cloning vector. After transformation, 20 colonies were randomly chosen from the clone library of each strain for direct colony PCR. To further delineate these clones, RFLP analsyis was conducted for each PCR product and random representative clones of each ribotype group were submitted to automated sequencing. To evaluate the levels of discrimination of our RFLP analysis, putative NRPS and PKS gene sequences were determined at random for additional clones exhibiting the same RFLP pattern. Clones with identical RFLP patterns had virtually identical DNA partial sequences.
Putative PKS gene sequences for individual clones indicate that one third of the sequences amplified from the different strains are similar to the amino acid sequence of a type1 like PKS from an unidentified organism (Table 2 ). There were no putative PKS gene homologues amplified from strain HPC-40 under the PCR conditions of the present study. BLAST X sequence analysis showed that a putative PKS fragment from isolate HPC-17 (Pleurocapsa sp.) gave greatest similarity (83%) to the amino acid sequence of type1 PKS from Nostoc sp. PCC 7120. In addition, several of the strains examined in this study possessed putative PKS fragments with highest similarity to PKS-like enzymes from non-cyanobacterial species (Table 2) , such as isolates HPC-7 (Plectonema sp.), HPC-9 (Symploca sp.), HPC-31 (Plectonema sp.), HPC-17 (Pleurocapsa sp.), and HPC-77 (Leptolyngbya sp.) (highest similarity to mycosubtilin synthetase chain from Bacillus subtilus) and isolate HPC-55 (Microcoleus sp.) (putative type I polyketide synthase from Bordetella bronchiseptica).
Screening for the putative NRPS region using the MTF2/MTR2 primers and subsequent sequencing revealed that most of the sequences amplified from the different strains are either similar to the amino acid sequence of a hypothetical protein from Nostoc punctiforme, or to NRPS of the cyanobacterial species Anabaena sp. 90, L. majuscula, and Microcystis sp. (Table  3) . Similarly, as was observed with strains analysed for PKS gene homologues, several of these isolates also contained gene regions with highest similarity to NRPS from non-cyanobacterial species (Table 3) . These include isolates HPC-14 (Symploca sp.) and HPC-55 (Microcoleus sp.) (80% and 72% similarity to a NRPS from Pseudomonas aeruginosa, respectively), isolates HPC-77 (Leptolyngbya sp.) and HPC-10 (Symploca sp.) (61% and 71% similarity to gramicidin S synthetase 2 from Bacillus brevis, respectively), and isolate HPC-31 (Plectonema sp.) (67% similarity to EpoB from Polyangium cellulosum). 
Phylogenetic analysis of gene homologues and prediction of amino acid recognition by NRPS adenylation domains
Phylogenetic analysis was performed on the putative polyketide synthase DNA sequences from the cyanobacteria strains screened (Fig. 1 ). This analysis indicated two major clusters that grouped separate from known peptide sequences (the clade comprising sequences 9PKS3, 31PKSA, 17PKSQ, 7PKSB, and 77PKSA and the clade 14PKSA, 10PKSJ, and 3PKSA). In addition a third group (fragments 17PKSR and 55PKSA), branched relatively deeply in our inferred phylogeny (Fig. 1) . The phylogenetic tree of the NRPS gene fragments was constructed with 22 DNA sequences obtained from the present study, and additional sequences of enzymes from species that showed high similarity to the sequences identified (Fig. 2) . As with the PKS phylogenetic tree, there were several well-described clades that clustered together, such as the lineages 7PS6 and 31PS26 plus the clade 9PS58 and 10PS70. Two sequences in particular (7PS7 and 7PS1) branched relatively separate within this tree, while others were neither deep in the tree nor specifically related to other recognized clades (e.g. lineage 10PS73 plus 14PS60 and 55PS2). The predicted substrate amino acid for the adenylation domain of each NRPS module amplified was also determined by using binding pocket analysis as previously described [19] . From Table 3 it can be seen that the activation of threonine followed by serine/valine is predicted for the majority of modules from the different cyanobacterial isolates examined here. The predicted substrate recognised could not be determined for three of our sequences based on all known NRPS database sequences.
Oligopeptides identified by MALDI-TOF MS
Positive-ion mass spectra were recorded for two of the cyanobacterial isolates examined in this study (data not shown). After comparison with more than 800 published secondary metabolites for cyanobacteria in the mass range of m/z 400-1000 Da, cyanopeptolin S (845.47) and 21-bromo-oscillatoxin A (656.22) were putatively identified from HPC-3 (Symploca sp.) and HPC-31 (Plectonema sp.), respectively. Data about the chemical structures of these compounds has been published previously [20, 21] .
Discussion
Though the occurrence of bioactive products in marine cyanobacteria is widespread [22, 23] , reports of PKS and NRPS systems in marine cyanobacteria are few [24] . The present study is the first to examine the genetic potential of cyanobacteria isolated from stromatolites to produce bioactive secondary metabolites. It has in fact been suggested that the very first secondary metabolites were probably antibiotics produced over 3.5 billion years ago in microbial mats present on the early Earth [25] . Many organisms are known to produce bioactive secondary metabolites in response to environmental pressures [26] , and the stromatolitic microorganisms thriving in the hypersaline reaches of Shark Bay may have developed similar defence mechanisms.
A comparison of our isolates (Table 1 ) with previous studies reveals that Microcoleus sp., Pleurocapsa sp., Symploca sp., and Plectonema sp. have all been shown to harbor NRPS genes [17, 27] . However previous work could not detect these genes in Leptolyngbya sp. [27] , and to our knowledge our data on isolates HPC-40 and HPC-77 is the first report of Leptolyngyba sp. containing putative NRPS genes. However more exhaustive sampling of Leptolyngbya isolates from other environments will be required to allow for definite conclusions about the distribution of these genes in this genera to be made. One strain isolated here, HPC-7 (Plectonema sp.), possessed putative NRPS and PKS genes (7PS3 and 7PKSA, respectively) with high similarity to genes from the microcystin synthetase gene cluster of M. aeruginosa, while another Plectonema sp. (isolate HPC-31) contained a putative NRPS gene (31PS30) with highest similarity to NdaA of the nodularin gene cluster. Although putative functions can only be inferred from these sequences, it is suggestive that these isolates may have the potential to produce hepatotoxins, as to date the presence of toxin genes has always been associated with toxic cyanobacteria [28] . In addition, a cluster of putative PKS genes from different isolates had closest similarity to a type 1 PKS-like from an unidentified microorganism (Fig. 1) , indicating the potential for a novel group of secondary metabolites associated with stromatolitic cyanobacteria.
Of some interest here is the finding that several of the cyanobacterial strains examined had different putative NRPS and PKS genes in the one strain (Tables 2 and  3 ). Though these could be modules of the one gene cluster, it may be also that these strains of cyanobacteria contain multiple NRPS and/or PKS gene clusters. The results suggest that the possible biological functions of these putative NRPS and PKS proteins may be different within these strains, supporting the latter possibility. Although multiple and hybrid NRPS/PKS systems have been reported in bacteria [29] , the existence of such systems containing multiple pathways in cyanobacteria has not been extensively studied. Future detailed work on the gene clusters of specific cyanobacterial strains isolated from Shark Bay and other environments will enhance our understanding of this phenomenon. In addition, cyanobacterial adenylation domain binding pocket specificity may be better characterised by the correlation of gene sequences with their natural product structures [19] . The analyses conducted here allow us to establish a relationship between particular residues in our sequences and substrate specificity, and may indicate some conservation of predicted substrates such as polar amino acids in NRPS genes from our isolates (Table 3). Although it can sometimes be difficult to assign function from individual residues [19] , it may be particularly useful in predicting functions for sequences of putative hypothetical proteins. Current databases on cyanobacterial-binding pockets are limited, however this and other similar studies will provide the basis for the development of such resources and hence the accurate prediction of amino acid substrates for future combinatorial biosyntheses in cyanobacterial systems.
Recent lateral gene transfer (LGT) events have been suggested to play roles in the distribution of NRPS and PKS amongst toxic cyanobacteria [17, 30] . The presence of putative transposon sequences upstream of the microcystin gene cluster [31] initially suggested there may be mechanisms in place in cyanobacteria for the transfer of NRPS/PKS clusters. In contrast, a more recent study based on phylogenetic analyses concluded that lateral gene transfer of microcystin biosynthesis genes might in fact be unlikely [32] . However it is not clear whether this applies to other secondary metabolite genes. Thus the presence of similar genes in phylogenetically distant bacteria isolated from stromatolites indicates the possibility of LGT of certain clusters, particularly as the close physical association of microorganisms in this setting may facilitate horizontal gene transfer of adaptive and evolutionally significant traits. For example, putative NRPS fragments detected in isolates HPC-10 (Symploca sp.) and HPC-77 (Leptolyngbya sp.) clustered together (Fig. 2) , and the closest similarity was to a non-cyanobacterial gramicidin S synthetase from B. brevis (Table 3 ). In addition, putative PKS genes from five different isolates clustered together (Fig. 1) , and their closest similarity was to a PKS encoding a potent antifungal peptide antibiotic from B. subtilis [33] . Although LGT has been considered a relatively rare event in the evolution of microorganisms [34] , it could happen under particularly critical growth conditions, as the receiving microorganism may be more likely to maintain the laterally transferred genes if they code for a function essential for survival.
Further support for our genetic screening in this community was obtained from MALDI-TOF MS data from two of our cyanobacterial isolates. The identification of two cyclic peptides with known bioactive effects, indicates that at least some organisms associated with the Shark Bay stromatolites may be actively producing secondary metabolites. The discovery in our stromatolite community of putative peaks corresponding to cyanopeptolin S, a cyclic sulfated depsipeptide with protease inhibitory activity [20] , and oscillatoxin A, a putative anticancer agent [35] , is potentially of considerable interest. Unfortunately to date, there have been no studies examining the genetics of the synthesis of these natural products.
In conclusion, it was possible to amplify and sequence fragments of putative NRPS and PKS genes for the first time from cyanobacteria isolated from stromatolites. Some of the strains seem to possess genes for more than one type of NRPS and PKS, and sequence analysis indicates that the enzymes encoded by these genes may be responsible for the production of different secondary metabolites, such as those with antibacterial or antifungal effects. Preliminary mass spectral analysis revealed in several isolates the presence of peaks with mass corresponding to that of cyanobacterial bioactive peptides. The scattered genetic potential of secondary metabolite-producing cyanobacteria, in some cases across phylogenetically unrelated species, also suggests the possibility of lateral exchange of these genes between organisms. Future studies can characterise the putative NRPS and PKS gene homologues further by designing specific primers and conducting DNA amplification methods such as adaptor-mediated PCR [36] , to determine sequences upstream and downstream of the genes identified. Subsequent expression studies and bioassays will then help to determine exact functions of the proteins identified, in conjunction with detailed mass spectral analysis by MALDI-TOF MS and electrospray-MS to identify known and potentially unique compounds.
